of the nodule, (they must be precisely set/the influence of these parameters must be accurately known?), in order to obtain accurate measurements of the VDT. Therefore, we designed this study in order to examine the possible measurement error of lung nodule volumetry for the various scan parameters using a small nodule phantom.
Materials and Methods

Lung nodule phantom
We fabricated artificial small nodules using paraffin wax, because it is soft and easy to mold. However, because pure paraffin shows a CT attenuation of 200 150 Hounsfield Units (HUs), we adjusted the CT attenuation of the paraffin to that of soft tissue (17 65 HU, mean 34 HU) by mixing it with a small amount of oily CT contrast material (Lipiodol, Guerbet, France). Small nodules with a diameter of 5 10-mm were made by hand using the prepared paraffin-Lipiodol mixture. Because we did not have an apparatus which was sensitive enough to measure small nodules with a volume of less than 1 ml, we used an indirect method. First, we made large blocks of paraffin-Lipiodol mixture, each with a length of 10-cm. Next, we measured the precise volume and weight of each block. From these measurements, we were able to calculate the specific gravity of the mixture (0.92 g/cm 3 ). In this way, we were able to determine the precise volume of each nodule, by weighing it on an electronic scale and then dividing the weight by the specific gravity.
To imitate the lung nodule around the pulmonary vasculature, we stuck the tip of a toothpick into the nodule (Fig. 1) . The true volume of the nodules varied from 496 mm 3 to 4747 mm 3 and the mean value was 1488 967 mm 3 . We made the supporting structure of urethane foam. The CT attenuation of the urethane foam was very low (about 1000 HU) and similar to that of aerated lung parenchyma, in spite of its having sufficient bearing power. We placed twenty nodules in a box filled with urethane foam and then hardened the foam.
CT scanning
A volume spiral scan and continuous thin section reconstruction are needed for CT volumetry. The CT scanning of the phantom was performed with a single detector spiral CT (Hi-Speed Advantage; GE Medical Systems, Milwaukee, U.S.A.). The CT scans were obtained using fixed parameters consisting of a 3-mm beam collimation, 1-second gantry rotation time, 120 kV tube amplitude, 200-mm field of view (FOV), and 512 by 512 matrixes. Scans were performed using three tube current values,120-mAs, 80-mAs and 40-mAs, with a fixed table pitch of 1:2, and with three table pitch values, 1:1, 1:1.5 and 1:2 with a fixed tube current of 80-mAs. Two-dimensional images, with a 3-mm thickness and 33% Z-axis overlap, were reconstructed from the raw data of each scan using a high spatial frequency reconstruction algorithm.
Reconstruction of three-dimensional image and volume measurement
From the root axial images, three-dimensional volume rendering images were generated using commercial personal computer based software (Rapidia v2.0; Infinitt Co., Seoul, Korea) (Fig. 2) .
We produced a preliminary version of volume measuring software and installed it in Rapidia program. Using the erode & dilate method, this program could remove the attached vessel and measure the discrete volume of the selected nodule automatically (Fig. 3) .
Nodule segmentation in this program was based on the continuous pixel threshold method (2) . Therefore, we could set the low threshold used for nodule segmentation before measuring the volume. However, the measured volume of the nodule is known to vary according to the threshold value (3), and a threshold from 400 HU to 600 HU is recommended for lung volumetry (4) . Thus, we tested the measurement accuracy under three conditions (low thresholds of 300 HU, 500 HU and 700 HU).
From the results of these measurements, the relative errors were calculated by means of the following equation:
Relative error=(measured volume true volume) / true volume 100 (%)
We tested the correlation between the measured volume and true volume and that between the different sets of measured volumes using linear regression analysis.
Results
Measurement error induced by varying the selection threshold
As a baseline study, we used one scan set (tube amplitude, 120-kVp; tube current, 80-mAs; 1:1 pitch of table feed) for the test of measurement accuracy for the three different threshold values. The relationships between the true volume and the measured volume when varying the selection threshold of CT attenuation between the three values of 300 HU, 500 HU and 700 HU, are illustrated in Fig. 4 . Their root data and the results of the linear regression analysis are summarized in Table 1  and Table 2 .
At the threshold of 300 HU, the measured nodule volumes tended to be smaller than the true volumes, except in the case of large nodules with a volume of more than 2000 mm 3 . The relative errors varied from 2.7% to 14.6% and showed a mean value of 6.5 3.9%. The Pearson s correlation coefficient was 0.998 (p < 0.001). At the threshold of 500 HU, the measured nodule volumes were consistently bigger than the true volumes. The relative errors varied from 16.3 to 31.8% and showed a mean value of 23. The mean value of the relative error was smallest at the threshold of 300 HU. However, the standard error for the estimation was smallest at the threshold of 500 HU.
Measurement error induced by varying the pitch of the table feed
Based on the above result, the following measurements were made with a selection threshold of 500 HU. The relationships between the true volume and the measured volume for the three table pitch values of 1:1, 1:1.5 and 1:2 are illustrated in Fig. 5 . The results of the linear regression analysis are summarized in Table 3. 72 The mean values of the relative error in measuring the nodule volume were 23.3%, 22.8% and 22.6% for the pitches of 1:1, 1:1.5 and 1:2, respectively. The results were similar for all settings, showing a high correlation (Pearson s correlation coefficient=0.998, p < 0.001). The standard error in the linear regression analysis was smallest with a pitch of 1:1.5 (E=35.42). The correlations between the three sets were all perfect (Pearson s correlation coefficient=1.000, p < 0.001).
Measurement error induced by varying the tube current
The relationships between the true volume and the measured volume for the three values of the tube current, 40-mAs, 80-mAs and 120-mAs, are illustrated in Fig. 6 . The results of the linear regression analysis are summarized in Table 4 .
The mean values of the relative error in measuring the nodule volume were 22.6%, 22.6% and 22.9% for the tube current values of 40-mAs, 80-mAs and 120-mAs, respectively. The results were similar in all settings, showing a high correlation (Pearson s correlation coefficient=0.998, p < 0.001). The standard error in the linear regression analysis was smallest with a current of 120-mAs (E=35.36). The correlations between the three sets were all perfect (Pearson s correlation coefficient= 1.000, p < 0.001).
Discussion
Many researchers have studied early screening programs for lung cancer using CT, in order to evaluate its usefulness and determine the ideal protocol to use (5, 6) . Despite the denials made by some investigators concerning the clinical benefits of lung cancer screening CT (7), its usage is quite frequent because no alternative screening program has yet been introduced.
Henschke, et al. (8) reported that lung nodules were found in 23% of the asymptomatic group of subjects on CT examination. If a small nodule is detected on low dose screening CT and the nodule is too small for transthoracic needle biopsy, the possible choices for the clinician are close observation or open lung biopsy. However, most nodules detected by screening CT are benign (9) . Especially in Korea, the higher prevalence of tuberculosis has meant that physicians were presented with many active or inactive granulomas in the lung. Thus, invasive studies should be limited, in spite of the difficulty in differentiating early lung cancer from benign nodules using screening CT. For accurate and sensitive follow up, the measurement of VDT on serial CT (10) . Therefore, if the follow up CT scan is performed within a six months interval, the nodule should exhibit a less than 10 % change in volume on the follow up CT for sensitive cancer screening. By using multidetector CT (MDCT), the entire lung volume can be scanned with 1 1.5 mm thin sections during a single breath hold and, consequently, this technique is now recommended as the standard for low dose lung cancer screening programs (11) . If thin section MDCT is performed as a low dose technique, lung nodule volumetry can be done without additional volume scanning. Normally, the image noise is increased and the image contrast decreased when using a lower tube current and a higher table pitch (12) and, consequently, the measurement error is likely to be increased. Therefore, the use of a high-dose technique with thin section images was recommended, in order to obtain accurate lung nodule volumetry. However, the higher radiation exposure induced by high-dose thin section spiral CT is not recommended for cancer screening programs involving repetitive CT examinations. A study of the image deterioration caused by using low dose CT was published by Hong, et al (13) . They reported that the coronary arterial calcium score and calcium volume were not changed, in spite of the tube current being decreased. In line with their result, the measurement error in our study was not changed when the tube current was varied or when the table movement pitch was increased. However, this result was different from that of Ko et al (12) . This difference may have been caused by the different nodule sizes of the two studies and the presence of semisolid nodules. The nodules used in the study of Ko et al. were less than 5 mm in diameter and 61 mm 3 in volume. The smallest nodule in our study was 8 mm in diameter and 497mm 3 in volume. In spite of the fact that no significant difference in volume was found between the real volumes and those measured using the low dose technique in this study, measurement errors may occur in small nodules of less than 5 mm in diameter. Therefore, we assert that CT volumetry of small lung nodules with the low dose CT technique is no less accurate than that using the conventional high dose technique, as long as the size of the nodule is greater than 0.5 ml.
The measured nodule volumes were somewhat different from the true volumes in our study. Though the mean results obtained with a threshold of 300 HU (relative error=6.5 3.9%) were the closest to the true values, and the mean results obtained with a threshold of -500 HU (relative error=23.7 4.5%) were bigger than those obtained with a threshold of 300 HU and were farther from the true values, the smallest correlation coefficient was obtained with the threshold of 500 HU. We suggest that good correlativity is more important than the absolute error, when attempting to detect and compare the difference in volume during serial followup.
In conclusion, we were able to confirm that the measurement error was not increased, in spite of the tube current being decreased and the table movement pitch being increased. Therefore, the volume measurement of lung nodules using low dose screening CT data constitutes an acceptable method of following up patients with small nonspecific lung nodules.
